Iron oxide nanoparticles adsorb fluorescently labeled DNA oligonucleotides via the backbone phosphate and quench fluorescence. Arsenate displaces adsorbed DNA to increase fluorescence, allowing detection of arsenate down to 300 nM. This is a new way of using DNA: analyte recognition relies on its phosphate instead of the bases.
DNA adsorption by magnetic iron oxide nanoparticles and its application for arsenate detection Biwu Liu, a and Juewen Liu a* Iron oxide nanoparticles adsorb fluorescently labeled DNA oligonucleotides via the backbone phosphate and quench fluorescence. Arsenate displaces adsorbed DNA to increase fluorescence, allowing detection of arsenate down to 300 nM. This is a new way of using DNA: analyte recognition relies on its phosphate instead of the bases.
Inorganic arsenic species are extremely toxic; exposure to arsenic has serious adverse health effects, 1-3 damaging skin, heart, liver and kidney and even leading to cancer and death. 4 To manage the arsenic poisoning problem, detection is crucial. The most common arsenic species in water include arsenate (As(V), AsO4 3-) and arsenite (As(III), AsO3 3-). 5 Under oxidizing conditions, arsenate is the dominating form and its protonation state is a strong function of pH. At neutral pH, H2AsO4
-and HAsO4 2-co-exist. 6 The detection task is mainly carried out using analytical instruments such as atomic emission 7 or absorption spectroscopy, 8 ICP-MS, 9 or surface enhanced Raman scattering. 10, 11 Developing cost-effective biosensors might provide a complementary solution. 12 For example, genetically engineered bacterial cells, 13 and enzyme inhibition assays were developed to detect arsenic. 14, 15 On the chemical sensor side, a few optical and electrochemistry assays were reported. [16] [17] [18] [19] The World Health Organization (WHO) initially sets a guideline for arsenic in drinking water at 50 µg/L (0.67 µM). In 2001 this was adjusted to 10 µg/L (0.13 µM).
Since phosphate shares similar solution chemistry with arsenate and the free phosphate concentration in potable is very low (<1 M), 20 we may design sensors based on this. For example, DNA is a polyphosphate and it may be adsorbed by iron oxide. Then arsenate can displace the adsorbed DNA. Given the vast amount of knowledge on DNA detection, [21] [22] [23] [24] [25] high sensitivity might be achieved. In this paper, we report DNA-functionalized iron oxide nanoparticle for arsenate detection. Removal of arsenate by iron oxide has been studied for decades. This method works in natural water samples, implying high affinity and selectivity for arsenic. Many studies have compared the adsorption of various anions to iron oxide surface and arsenate binds the strongest. [26] [27] [28] [29] [30] A scheme of arsenate adsorption onto iron oxide is presented in Figure 1A , which has been well-characterized by various spectroscopic methods. 26, 27 Given the similarity between phosphate and arsenate, we reason that DNA may also adsorb in a comparable way ( Figure 1B ). Based on this assumption, we propose a scheme of sensor design ( Figure 1C ). Using a fluorescently labeled DNA, adsorption onto iron oxide results in fluorescence quenching; arsenate competition then releases the DNA and restores fluorescence signal. To test this hypothesis, we employed Fe3O4 NPs with an average size of ~20 nm (see Figure S1 for TEM). These NPs carry a negative charge at neutral pH (-potential = -10 mV in 10 mM HEPES buffer, pH 7.6). Mixing Fe3O4 with a FAM-labeled DNA indeed resulted in strong fluorescence quenching ( Figure 1D ), indicating that DNA can
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be adsorbed and Fe3O4 is a fluorescence quencher. Addition of arsenate produced strong fluorescence, supporting the mechanism shown in Figure 1C . In the subsequent work, we aim to optimize the DNA adsorption conditions and study sensor performance. We first optimized salt concentration. Fluorescence quenching provides a convenient assay to study DNA adsorption. In addition to iron oxide, many other nanomaterials also quench fluorescently labeled DNA. [31] [32] [33] [34] Since both DNA and Fe3O4 NPs are negatively charged, no DNA was adsorbed in the absence of salt due to strong charge repulsion ( Figure S2 ). Fast adsorption was achieved at higher ionic strength. We chose to perform DNA adsorption with 300 mM NaCl to achieve high adsorption efficiency. Next we varied DNA length (Figure 2A ). Considering the scheme in Figure 1C , an ideal sensor should use shorter DNA to achieve a high probe density. The probe needs to cover the NP surface as much as possible, so that arsenate can directly compete with DNA binding instead of occupying free surface sites. However, FAM-A5 adsorbed much less than FAM-A15, which is attributed to the weaker affinity of shorter DNA. In other words, longer DNA is needed to achieve stable multivalent interactions. FAM-A30 also adsorbed less, which is attributed to its larger size and thus occupying more footprint. Therefore, the 15-mer DNA has an optimal length. Using 15-mer DNA, the effect of DNA sequence was studied ( Figure 2B ). We assumed that adsorption takes place via the phosphate backbone, and therefore DNA sequence should play a minor role. Indeed, all the four types of homopolymers can be adsorbed. FAM-C15 adsorbed with the fastest rate, giving also the lowest background. However, only ~60% FAM-G15 was adsorbed. This may be caused by the formation of a G-quadruplex structure, impeding adsorption. To further confirm the adsorption mechanism, a displacement reaction was performed. FAM-T15 was first adsorbed and the sample was treated with free phosphate or thymidine ( Figure  2C ). Strong fluorescence enhancement was observed only with phosphate. Therefore, the base is unlikely to be important for DNA adsorption by iron oxide.
DNA adsorption isotherm was next measured using FAM-C15 ( Figure 2D ). When the added DNA was below 30 nM (Fe3O4 concentration = 25 μg /mL), adsorption was quantitative. Further increase of DNA concentration resulted in an overall Langmuir type of isotherm, which is reasonable since adsorption should stop at a monolayer of DNA and adsorption is reversible based on the above phosphate displacement assay. The final capacity is 105 nM DNA, corresponding to 55 FAM-C15 molecules on each 20 nm Fe3O4 NP. This capacity is lower than adsorption of thiolated DNA by gold NPs, where each 20 nm NP can adsorb ~200 DNA. 35 This lower capacity also indicates that DNA wraps around Fe3O4 NPs instead of adopting an upright conformation as in the AuNP system. After optimizing DNA adsorption by Fe3O4 NPs, we next studied sensor performance using FAM-C15 as the probe ( Figure 3A) . Without arsenate, the sensor has a consistent and low signal, indicating the probe was stably adsorbed. In the presence of arsenate, the sensor fluorescence gradually increased. The kinetics was initially fast followed by a slower phase. A large signal was achieved in just 10 min. Higher concentration of arsenate produced stronger fluorescence enhancement, and the signal increase reached ~35-fold with 500 µM arsenate. The dynamic range goes up to 100 µM arsenate ( Figure 3B ) and the detection limit was determined to be 300 nM based on the signal higher than three times of background variation (inset of Figure 3B ). Another method to further improve sensitivity will be discussed next. To test selectivity, we incubated the sensor with various anions (10 M) and only phosphate showed a high response ( Figure 3C ). This is expected since phosphate can also bind to the surface. Systematic comparison of phosphate and arsenate adsorption by iron oxide was previously reported, with arsenate adsorbing slightly more strongly. 29 Since the buffer already contained 300 mM NaCl, we did not test the further addition of chloride. Other anions such as bromide, iodide, nitrate, perchlorate, acetate, bicarbonate, sulphate and sulphite did not produce much signal. It is interesting to note that arsenite also showed relatively low response, which is consistent with its lower affinity. 36, 37 Therefore, this sensor is the most selective for arsenate.
Since phosphate is a limiting nutrient for organism growth and it can be easily precipitated by many cations, its concentration in water is very low (e.g. 1 M being the upper limit in normal potable water). 20 For other water samples with higher phosphate concentrations, a pretreatment to precipitate phosphate or a separate phosphate sensor will be needed. We next tested a higher concentration of other anions (1 mM each) and still none of them showed much response ( Figure  3D ). When 10 M arsenate was added to these samples, a high response was observed. Sulfite showed even higher response, which might be related to its weak blocking effect to allow arsenate specifically displacing DNA instead of binding to the free iron oxide surface. 28 An alternative method of detection is to incubate iron oxide NPs with the water sample first, so that adsorption of arsenate might inhibit DNA adsorption for detection ( Figure 4A ). This method also allows higher sensitivity since a large volume of water sample can be used. Indeed, the detection limit was improved to 50 nM arsenate ( Figure 4B ). The fluorescence spectra of the samples are shown in Figure S3 . This sensitivity is comparable with many other arsenic sensors (Table S1 ) but it is simpler and cost-effective. Many iron oxide nanoparticles share similar surface properties. In this study, we used Fe3O4 and similar observations were also made with Fe2O3 NPs ( Figure S4 ). In summary, we studied DNA adsorption by iron oxide and demonstrated its application for detecting arsenate from water. DNA has been widely used to develop biosensors in the past two decades. 21 In particular, many metal ions are detected using aptamers and DNAzymes, where the DNA bases play a crucial role for metal recognition. Since DNA is a polyanion, DNA has not been very successful in detecting anions, possibly due to charge repulsion. Although arsenate aptamers have been reported, 38 and a few related sensors have been developed, 39 the binding mechanism has not been elucidated. This work provides a new direction for anion sensing using DNA. DNA adsorption by nanomaterials is a popular way of signaling. Compared to previously reported DNA adsorption, the mechanism here is quite different. Binding of DNA to iron oxide is through the phosphate group, which is different from binding to gold (chemisorption through base nitrogen) or carbon (pi-pi stacking and hydrophobic force). 40 Despite this simple interaction, the sensitivity and specificity of the sensor is quite remarkable. This is attributed to the strong affinity between arsenate and iron oxide.
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